VSH-1 is a mitomycin C-inducible, non-lytic, phage-like agent that packages random 7.5-kb fragments of the Brachyspira hyodysenteriae genome. VSH-1 is the first recognized mechanism for gene transfer between B. hyodysenteriae cells. To analyze the distribution of VSH-1 among spirochetes, a 344-bp probe for gene svp38, encoding the VSH-1 major head protein, was amplified by polymerase chain reaction and used in Southern blot hybridizations with genomic DNA from various spirochete genera. The svp38 probe hybridized to a 40-kb SalI^SmaI fragment of the B. hyodysenteriae B78 T chromosome, indicating VSH-1 DNA insertion into the chromosome at a unique site. Restriction endonuclease digested DNAs of 27 spirochete strains representing six Brachyspira species (B. hyodysenteriae, B. innocens, B. pilosicoli, B. murdochii, B. intermedia, B. alvinipulli) contained a single fragment hybridizing with the svp38 probe. DNAs from spirochete species of the genera Treponema, Spirochaeta, Borrelia, and Leptospira did not hybridize with the probe. VSH-1-like agents appear to be widely distributed among Brachyspira species and, as has been demonstrated for B. hyodysenteriae, may serve as useful gene transfer agents for those other species.
Introduction
There have been a number of reports describing bacteriophages in association with spirochete cultures or cells [11 0 ]. Recent reports have described the characteristics and applications of spirochete temperate bacteriophages. Bacteriophage LE-1 of Leptospira bi£exa has been used to construct shuttle vectors for that bacterium [11] . Bacteriophage PBB-1 of Borrelia burgdorferi mediates gene transduction between cells of its spirochete host [12^14] . Puri¢ed VSH-1 virions contain randomly generated 7.5-kb fragments of the Brachyspira hyodysenteriae B204 genome and carry out generalized transduction for that species [15, 16] . In this capacity, VSH-1 is the ¢rst reported gene transfer mechanism for B. hyodysenteriae.
Brachyspira species are anaerobic spirochetes inhabiting animal intestinal tracts. Several species, B. hyodysenteriae, B. pilosicoli, B. intermedia, and B. alvinipulli, have been shown to cause disease when inoculated into their natural host animals. Mitomycin C-inducible bacteriophages have been reported for B. hyodysenteriae strains [17] , for B. innocens strain 4/71 [17] , and for B. pilosicoli swine and human strains [18] . These inducible bacteriophages resemble B. hyodysenteriae prophage VSH-1 in size and morphology and may be genetically related to VSH-1. In these studies a DNA probe for svp38, the gene encoding the VSH-1 major head protein, was used to evaluate whether or not other Brachyspira species and other spirochetes contain VSH-1-like prophages and to position this VSH-1 gene on a physical map of the B. hyodysenteriae genome.
Materials and methods

Bacterial strains, culture conditions, DNA preparations
Brachyspira strains, Spirochaeta aurantia M-1, Leptospira borgpetersenii serovar hardjo RZ33, T. bryantii RUS-1 T were obtained from frozen (380 ‡C) stock cultures at the NADC. The Brachyspira strains were routinely cultured in tubes [19] , or, for DNA extractions, in 3-l £asks of BHIS broth [20] . Conditions for culturing S. aurantia, L. borgpetersenii, and T. bryantii have been described in [21^23] . Escherichia coli XL-1 blue (Stratagene) was used as a control strain and was cultured in Luria^Bertani broth. DNA was extracted and puri¢ed from 10-ml cultures of bacterial cells which had been treated with lysozyme and SDS^proteinase K as described previously [24, 25] . Additionally, puri¢ed DNAs from several spirochetes were kindly provided by Ron Limberger, Wadsworth Center (T. phagedenis and T. denticola), by Sheila Lukehart, University of Washington (T. pallidum), and by Scott Samuels, University of Montana (B. burgdorferi strains HB19 and B31).
VSH-1 svp38 gene probe
A 344-bp DNA probe for the VSH-1 svp38 gene was ampli¢ed from B. hyodysenteriae B204 DNA. The forward primer for the polymerase chain reaction (PCR) ampli¢-cation was 5P-AAACTTTTTCCAATAAT (identical to coding base positions 34^50 of svp38; GenBank U90539) and the reverse primer was 5P-GTTTTTGTGCAATA-TAAT (complementary to svp38 base positions 377^359). A 100-Wl PCR mix contained 2 U of AmpliTaq Gold DNA polymerase; 0.1 Wg of B. hyodysenteriae B204 DNA; PCR primers at ¢nal concentrations of 0.4 WM; MgCl 2 at a ¢nal concentration of 2.5 mM; dNTPs at 0.2 mM each ; and 1U GeneAmp PCR Bu¡er II (Perkin Elmer). Reaction mixtures (100 Wl) were incubated in a UNO Thermoblock Thermocycler (Biometra). Mixtures were preheated at 92 ‡C for 9 min to activate the AmpliTaq Gold polymerase. PCR ampli¢cation was carried out over 36 cycles, each consisting of denaturation (95 ‡C, 1 min), annealing (47 ‡, 1 min), and extension (72 ‡C, 2 min). A ¢nal extension step (72 ‡C, 8 min) followed the last cycle. PCR ampli¢cation yielded a 344-bp product that was puri¢ed and concentrated by ultra¢ltration (Microcon 100), analyzed by agarose gel electrophoresis (1% gel, 0.5U TBE bu¡er), and quantitated (OD 260 ) by using a DU 650 spectrophotometer (Beckman).
Locating VSH-1 on the B. hyodysenteriae B78
T genome
The 344-bp gene probe was used to position the VSH-1 svp38 gene on a physical map of the B. hyodysenteriae B78 T chromosome. Conditions, techniques, and equipment for chromosomal DNA preparation, restriction digestions, pulsed ¢eld gel electrophoresis (PFGE), probe labeling, Southern hybridization analysis, and other methods involved in mapping B. hyodysenteriae genes have been described in [26] .
Detection of the VSH-1 svp38 gene in spirochetes
DNAs from various spirochetes were examined for the VSH-1 svp38 gene by Southern blot analysis. Conditions for gel electrophoresis and blotting of digested DNAs have been described in [16] . Methods for psoralin labeling of the svp38 probe, for hybridization with spirochete DNAs, and for chemiluminescent detection of the probe followed those recommended by the labeling kit's manufacturer (Rad-Free System, Schleicher and Schuell). For all Brachyspira species except B. pilosicoli, hybridization conditions included overnight (14^16 h) hybridization at 42 ‡C in 5U saline sodium citrate (SSC) bu¡er containing 50% (v/v) formamide and 1.0% sodium dodecyl sulfate (SDS), two 5-min washes at 68 ‡C in 0.1U SSC with 0.1% SDS. Lower stringency conditions for B. pilosicoli strains and for spirochete genera other than Brachyspira consisted of overnight hybridization at 37 ‡C and two 5-min washes at 44 ‡C using the same bu¡ers. Chemiluminescent substrate sheets (Lumi-Phos 530 Rad-Free System, Schleicher and Schuell) were used to detect hybridization signals.
Results and discussion
Puri¢ed VSH-1 virions are non-lytic and contain randomly packaged 7.5-kb fragments of B. hyodysenteriae chromosomal DNA, complicating e¡orts to identify genes encoding structural or replicative genes of the phage [16] . In separate studies, several VSH-1 capsid proteins were sequenced and genes encoding these proteins were identi¢ed (Stanton et al., Abstr. M-36, Am. Soc. Microbiol. Annu. Mtg., 2001). The nucleotide sequences of three genes, including svp38, a 1044-bp gene encoding the VSH-1 major head protein [16] , have been deposited in GenBank (U90539). In these studies, a 344-bp segment of the svp38 gene was ampli¢ed and used as a hybridization probe (Fig. 1 ) to position VSH-1 genes on the B. hyodysenteriae B78 T genome map (Fig. 2) and to detect svp38-like genes in other spirochetes (Table 1) .
Hybridization results revealed the svp38 probe bound to 285-kb SalI, and 110-kb SmaII fragments of the B. hyodysenteriae B78
T genome (Fig. 1) . These genome fragments correspond to the SalI C and SmaI E fragments previously found to overlap on the genome map of B. hyodysenteriae B78
T [26] . The probe also bound to a 420-kb EagI (EclXI) digestion fragment, corresponding to EclXI E fragment which overlaps the SalI C and SmaI E fragments on the genome map [26] . The svp38 probe hybridized with single fragments in BglI, MluI, or SpiI digests (Fig. 1) . These particular restriction fragments have not been positioned on the B78
T genome map. The genome hybridization results enabled the VSH-1 head protein gene to be positioned on the B. hyodysenteriae B78
T circular chromosome (Fig. 2) . The VSH-1 insertion site is located on a 40-kb SalI^SmaI DNA fragment, approximately 1.2 Mb from the reference NotI site on the B. hyodysenteriae genome map (Fig. 2) . In experiments to be published elsewhere, we identi¢ed svp38 as one of nine contiguous VSH-1 genes spanning a 15.5-kb region of the B. hyodysenteriae genome. None of the genes contain a SalI or SmaI restriction site, suggesting either all or a large portion of the VSH-1 genome lies within the SalI/SmaI region.
A single insertion site for VSH-1 DNA suggested by genome analysis is also supported by the observation that single fragments of B. hyodysenteriae B78 T DNA digested by the restriction enzymes AseI and Sau3A hybridize with the svp38 gene probe (Table 1) . These results indicate VSH-1 integrates at a unique site within the B78 T chromosome. This property distinguishes VSH-1 from bacteriophage PBB-1 of B. burgdorferi [12, 13] and bacteriophage LE-1 of L. bi£exa [11] , both of which exist as plasmids in cells of those spirochetes.
Previously, we demonstrated VSH-1-mediated transfer of the nox and £aA1 genes at similar frequencies between strains of B. hyodysenteriae B204 [16] . Both genes are positioned approximately 850 kb and 600 kb, respectively, from the svp38 gene on the chromosomal maps of strains B78 T (Fig. 2) and B204 (Zuerner, unpublished) . These results demonstrate the capacity of VSH-1 particles to package widely separated B. hyodysenteriae genes and further underscore the usefulness of VSH-1 for transfer of random genes of this spirochete. DNA from every tested Brachyspira strain hybridized with the svp38 gene probe (Figs. 3 and 4, Table 1 ). Regardless of the restriction enzyme used, a single hybridizing DNA fragment was detected, indicating the VSH-1 svp38 gene is present as a single copy in every Brachyspira strain. For B. pilosicoli strains, a single hybridizing band was detected under lower stringency conditions for hybridization (Fig. 4) . This ¢nding suggests B. pilosicoli strains have greater svp38 sequence divergence from B. hyodysenteriae than do other tested Brachyspira species. This result is consistent with multilocus enzyme electrophoresis analyses, indicating B. pilosicoli is phylogenetically more distant from B. hyodysenteriae than are other Brachyspira species [27] .
Although lytic bacteriophages and inducible prophages have been reported for several spirochete genera [2^4,7] , a VSH-1-like svp38 gene was not detected by hybridization with DNAs from non-Brachyspira spirochetes ( Table 1) . Surveys of GenBank (BLASTN and BLASTP programs) did not detect signi¢cant sequence similarities between svp38 and genes or proteins of database entries, including speci¢c comparisons with the complete or partial genome sequences of the spirochetes T. pallidum, B. burgdorferi, and T. denticola. A VSH-1-like agent is either absent from the other spirochete genera examined or could not be detected due to gene sequence divergence.
Based on hybridization results, svp38, the gene for the VSH-1 major head protein, is widely disseminated among Brachyspira species (Table 1) . These ¢ndings are preliminary evidence that prophages genetically similar to VSH-1 exist within the genomes of numerous Brachyspira species.
In previous studies, strains of two Brachyspira species (B. hyodysenteriae and B. innocens) yielded phages similar in morphology and size to VSH-1 after cultures were treated with mitomycin C [17] . Bacteriophages visible by electron microscopy can also be induced by adding mitomycin C to cultures of B. pilosicoli P43.6.78
T and WES-B and they are identical to VSH-1 in morphology (Stanton, unpublished) . Calderaro et al. [18] recently reported detecting bacteriophages in mitomycin C-treated cultures of B. pilosicoli human strains HRM5, HRM7, HRM18, HRM22 and porcine strain P43/6/78 T . These virions also resemble VSH-1 in size and shape. Similar to VSH-1, the bacteriophage particles have been found to be non-lytic. The ¢ndings of this and other studies suggest that VSH-1-like prophages are widely distributed among Brachyspira spirochetes. In view of the gene transferring capacity of VSH-1 for B. hyodysenteriae [15, 16] , these VSH-1-like prophages should be evaluated both for their natural signi¢-cance and for practical applications as gene transducing agents for Brachyspira species. 
